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In this article we present the pre-activation of TiO 2 and ITO by UV irradiation in ambient conditions as a tool to enhance the incorporation of organic molecules on these oxides by evaporation at low pressures. The deposition of π-stacked molecules on TiO 2 and ITO at controlled substrate temperature and in presence of Ar is thoroughly followed by SEM, UV-Vis, XRD, RBS and photoluminescence spectroscopy and the effect exploited for the patterning formation of small molecules organic nanowires (ONWs). X-ray Photoelectron Spectroscopy (XPS) in situ experiments and molecular dynamics simulations add critical information to fully elucidate the mechanism behind the increase in the number of adsorption centers for the organic molecules. Finally, the formation of hybrid organic/inorganic semiconductors is also explored as a result of the controlled vacuum sublimation of organic molecules on the open thin film microstructure of mesoporous TiO 2 .
INTRODUCTION
The study of π-conjugated organic semiconductors has experienced a spectacular rise in the last decades. [1] [2] [3] [4] In particular, the development of 1D organic nanomaterials, specially nanowires (ONWs), has led to important advances in fields such as electronics, optoelectronics or sensors. [5] [6] A key issue of ONWs resides in the delocalization of their π-electrons, which is responsible for the stacking of the molecules and leads to the development of outstanding conductive, magnetic and optical properties. [5] [6] An important challenge in this field is the implementation of fabrication techniques enabling the patterned growth of organic single crystal nanowires with precise control at the microscale. [7] The preferential alignment of the organic crystals is also a critical issue for their potential applications in areas such as nanosensors, organic field effect transistors (OFET), organic light emitting diodes (OLED), organic waveguides or solar cells. [8] [9] [10] [11] [12] [13] Previous works relying on solution routes have studied the formation and patterned deposition of organic crystals on pretreated surfaces, mostly by using self-assembled monolayers (SAMs) as templates. [7, [14] [15] [16] For example, Bao et al. [15] have demonstrated the preferential assembly of pre-grown CuPc crystals onto the hydrophilic regions of a gold substrate with patches of the hydrophobic 1-hexadecanethiol (HDT) molecules. By contrast, patterning methodologies of ONWs or similar organic single crystal nanostructures using full vacuum approaches are rarer. [17] An example is the patterned formation by vacuum transport of different small molecular structures on substrates previously printed with octadecyltriethoxysilane (OTS). [18] In that work, it was concluded that the roughness of the OTS surface played a critical role in the preferential formation of the crystal. In a recent publication, we have also found that roughness effects enhance the formation by vacuum deposition of ONWs on metal and oxide thin films. [19] Following the thread of these previous investigations, herein we further explore the formation of ONWs on TiO 2 and ITO thin film surfaces that are activated by UV illumination, which changes their wetting properties. Using this principle, we show that the selective formation of preferential growth sites by mask illumination leads to the patterned formation of ONWs on the surface of these substrates. As far as we know, this is the first time that such approach is presented in the literature. In the course of this investigation we have also developed a vacuum fabrication procedure of organic/inorganic thin films by temperature controlled sublimation of small molecules onto porous TiO 2 thin films, a process that may open alternative routes for hybrid materials fabrication. Although in this work we focus on Pdoctaethylporphyrin (PdOEP) molecules, similar results are expected for other small molecules.
TiO 2 is a wide band gap semiconductor extensively used in dye-sensitized (DSSCs) or polymer/TiO 2 solar cells. [20] [21] [22] [23] The combination of TiO 2 with p-type organic semiconductor molecules such as metalloporphyrins brings about important advantages for the operation of photoelectronic devices, such as the design of specific p-n heterojunctions or the possibility that the light absorber and charge transport materials are chosen independently to improve the characteristic of the final device. [22] On the other hand, Indium Tin Oxide (ITO) is probably the most widely transparent electrode currently utilized in hybrid and organic solar cells. The surface of these two oxides undergo a hydrophobic/hydrophilic conversion under UV irradiation [24] which in TiO 2 is attributed to the photo-catalytic removal of carbon residues from its surface and/or to the enhancement of the hydroxylation state of its surface. [25] [26] [27] Photo-activated TiO 2 thin films keep memory of this hydrophilic state for hours and even days, depending on the characteristic of the sample. In porous TiO 2 thin films, this "memory" effect has been previously utilized to selectively incorporate Rhodamine 800 molecules in preference to Rhodamine 6G from water solutions of these two molecules. [28] Great improvements in the attachment and growth of human osteoblast cells on the surface or irradiated TiO 2 is another reported effect of this pre-irradiation. [29] In the present work we use this effect to promote the nucleation of organic nanostructures on the surface of TiO 2 and ITO. Besides that, we analyze the interplay between nucleation effects and thin film porosity to control the formation of ONWs on the surface of these oxides. The basic process favoring a given TiO 2 -organic molecule interaction is by no means a well understood effect. The present investigation reports some theoretical calculations aiming at accounting for the factors favoring the nucleation and growth of ONWs on pre-illuminated, and hence fully hydrophilic, TiO 2 surfaces.
The combination of experiments with theoretical analysis and simulation provides a wellfounded description of the phenomena occurring during the interaction of small molecules with pre-illuminated TiO 2 surfaces. This article also opens the way to the patterned formation of ONWs arrays on the surface of this and other photoactive oxides by the mere UV light illumination through micro-scale masks. [30] [31] with a thickness of 350 nm in remote configuration by ECR-MW plasma (see SI for additional experimental details). In previous works we have demonstrated that these samples present a total porosity lower than 20 % of the total volume, with pores consisting exclusively of micropores (pores diameters < 2 nm) and a surface roughness of 0.7 nm. [30] Amorphous MESO-TiO 2 thin films, with an approximate thickness of 350 nm, were prepared by glancing angle vacuum deposition (GLAD) in an electron bombardment evaporator using TiO pellets as target materials. Their microstructure is characterized by separated nanocolumns presenting a tilt angle with respect to the substrate. [31] with a total pore volume higher than 50%, presenting both micro and mesopores and a surface roughness of 3.4 nm. [31] Once prepared, these two types of films were stored in a desiccator for one week before proceeding to the illumination and ONWs deposition experiments. Commercially available ITO thin films (Präzisions Glas&Optik (P.G.O)) were also used as substrates. These thin films are crystalline and quite compact, with a total porosity much lower than that of the MESO-TiO 2 columnar films. TiO 2 substrates as well as the purchased ITO films, will be designated in the text as asgrown samples. For C, N and H atoms a 6-311++G** basis set was used, while the double-zeta plus polarization DGDZVP basis set [40, 41] is used for the Pd atom. This type of calculation will be called B3LYP/6-311++G**(DGDZVP). The minimum energy structure of the molecule is shown in Figure S3 and Table S1 . 
EXPERIMENTAL SECTION

ITO
Both MESO-and MICRO-TiO 2 thin films presented a hydrophobic behavior (contact angles higher than 90º) in their as-grown state and experienced a complete hydrophilic conversion upon UV irradiation for 35 minutes (Figure 1 ). In a similar way, the surface of the ITO substrate also transformed from hydrophobic (with an initial WCA ~110º) to hydrophilic (Figure 1 ).
From the point of view of the ONWs nucleation and growth, the homogenous and smooth surfaces of the MICRO-TiO 2 samples [30, 31] make them equivalent to a flat and compact substrate, due to the low number of nucleation centers required for the formation of ONWs. [19] As a consequence, under standard PdOEP sublimation conditions, organic crystals rather than well-defined ONWs formed on as-prepared MICRO-TiO 2 substrates. This is illustrated in The UV irradiation of the substrates through micrometric shadow masks provides a light patterning procedure for the selective formation of ONWs in certain areas of the substrates. Figure 3 and 4 were captured for PdOEP nanostructures grown on a MICROTiO 2 (Fig. 3 a-c) , ITO (Fig. 3 d) and MESO-TiO 2 (Fig. 4) 3.3 XPS in situ experiments on as-grown and pre-illuminated surfaces.
Micrographs in
In situ XPS experiments were carried out in order to look for a deeper understanding of the effect that UV irradiation has on the surface formation of ONWs. Figure 5 gathers the results of reference. Figure 5 a) shows the Pd(3d) spectrum evolution for increasing amounts of deposited material for the three substrates. From this series of spectra, it is remarkable that, for equivalent thicknesses lower than 15 nm, no Pd(3d) signal was detected for either the pre-illuminated or the as-prepared MESO-TiO 2 substrates. These results, together with the SEM image in Figure 2 f),
were the first clues indicating that a significant amount of PdOEP molecules diffuse and are adsorbed inside the pores of these substrates, as it will discussed in Section 3.5. For higher equivalent thicknesses, a clear Pd(3d) peak shows up increasing as the amount of deposited PdOEP. The Pd(3d)/Ti(2p) and C(1s)/Ti(2p) peak area ratios presented in Figure 5 b) provide additional information about the accumulation of molecules on the substrate surface. Firstly, it is worth noting that the substrates themselves present a relatively high amount of carbon previous to the deposition of the PdOEP. This carbon comes from the organic contamination inherent to the handling in air of the substrates previous to their insertion in the XPS prechamber and from their deposition processes. The TiO 2 is a photoactive material widely applied as photocatalytic oxide for pollutant removing. Thus, the photoactivation of the MESO-TiO 2 surface with UV light reduces the inherent carbon content in the pretreated substrates. On the other hand, at all stages of the evaporation experiment, the Pd(3d)/Ti(2p) ratios were significantly higher on the pre-irradiated sample than on the as-grown one and the difference increases with the amount of evaporated PdOEP. A similar trend was found for the C(1s)/Ti(2p) ratio, which experiences a significant increase for the pre-irradiated sample, but remains almost constant for the as-grown one. These results can be interpreted by assuming that, at the very initial stages of deposition at 150 ºC, the molecules present a low sticking coefficient with the substrate, therefore, they are quite mobile and can either diffuse into the large pores of the MESO-TiO 2 substrate or move along the surface, where they reach suitable nucleation points. Driven by capillary or similar forces, diffusion to the interior would predominate for the as-prepared samples, while nucleation onto the surface to then form ONWs should occur on the illuminated substrate, reducing the amount of material drawn into the pores. XPS data agrees with this interpretation: the very low increase of the Pd(3d)/Ti(2p) and C(1s)/Ti(2p) ratios in the as-prepared sample indicates that most of the deposited PdOEP molecules are not exposed at the surface; by contrast, the rapid increase of these ratios for the pre-illuminated substrates supports the nucleation and growth of ONWs onto the surface (note the difference in Pd(3d) peak intensity with respect to that in the TiO 2 single crystal reference, where molecules are less prompt to agglomerate and form a more homogenous layer). A similar study was carried out on a non-porous ITO substrate (see Figure   S5 ) were the growth rate of the Pd(3d) peak for the first amounts of deposited material was slightly higher on the pre-illuminated than on the original ITO substrate ( Figure S5 b) 
and d).
This trend is reversed above 15 nm likely due to the formation of ONWs instead of in plane features. and ITO produces an enhancement in their hydroxilation state that converts their surfaces into superhydrophilic (c.f., Figure 1 ). [24] [25] [26] [27] Note that this effect can be compatible with the photocatalytic removal of spurious carbon evidenced by the XPS experiments, an effect claimed by some authors to justify the change in wetting properties of these oxides. A close view of the hydroxylated surface is shown in Figure S6 and reference by S. Hamad et al. [48] Details about the charges and force fields employed in the simulations are shown in the Experimental Section.
In Figure 6 we show snapshots of the simulations on the adsorption on the three surfaces. There is a clear difference between the adsorption on the as-grown and fully hydroxylated surfaces; the PdOEP molecules interact more strongly with the hydroxylated surfaces than with the as-grown ones. In fact, in the simulations of the as-grown surface all the molecules are adsorbed on just one of the two surfaces (Figure 6 a) , suggesting that porphyrin-porphyrin interactions are stronger than porphyrin-surface interactions. On the contrary, as can be seen in Figure 6 It is pertinent at this point to mention again that the hydrophobic/hydrophilic conversion under UV irradiation of the TiO 2 is attributed in the literature to the photo-catalytic removal of carbon residues from its surface and/or to the enhancement of the hydroxylation state of its surface. [25] [26] [27] The XPS experiments shown in the previous section indicated that the amount of carbon in the pre-irradiated samples is lower than in the as-grown surfaces in concordance with a photocatalytic processes. On the other hand, several authors have published the patterning formation of ONWs from organic templates [49] . Those results could be in disagreement with the enhanced formation of organic nanowires that we report herein for an UV-pretreated surface and, therefore, "free" of organic compounds that might act as nucleation sites for the development of the ONWs. However, in our case it is not necessary the presence of such organic centers. In fact, in a previous article [32] we demonstrated the enhanced formation of ONWs on silver nanoparticles subjected to an oxygen plasma treatment. In that case, although the plasma pretreatment removed the organic pollutants coming from handling in air of the silver nanoparticles the density of ONWs was higher than for the non-treated substrate.
Hence, taking into consideration these results exposed above and the simulations in Figure 6 we propose that the enhanced formation of nucleation sites in the pre-illuminated surfaces is likely related to the formation of hydroxyl groups. Data in Table 1 showing the concentrations of Ti, O, Pd, and C deduced from the ion beam analysis experiments, confirm that at 150 ºC the PdOEP molecules are homogeneously distributed through the TiO 2 thin films. A slightly higher concentration of PdOEP molecules can even be detected in the interface with the substrate, which might be an indication of the high mobility of these molecules under the chosen experimental conditions. On the contrary, Table 2 On the other hand, it is important to address that most reported procedures intending the incorporation of organic molecules into porous structures consist of wet methods, [28, [49] [50] [51] where a solvent fills the open pores of the host material and drags with it the dissolved organic 
CONCLUSIONS
In the present work, we have shown that photo-active oxide materials can be activated with light to promote the growth of well-structured ONWs on their surface. A key feature of this activation process is that it remains for relatively long periods of time, a "memory effect" that has been used here for the selective patterning of the surface of these oxides to promote the preferential growth of these 1D crystalline organic nanostructures on given zones of the illuminated substrates. We have associated this "memory effect" with the development of a peculiar hydroxylation state of the illuminated areas. Although further studies are still necessary to provide further proofs of this hypothesis, the MD simulations reported in Section 3.4, and previous results in our laboratory concerning the selective incorporation of Rhodamine molecules [28, 50] or the enhancement of the osteoblast growth on illuminated surfaces of TiO 2 , [29] are in line with this hypothesis. Thus, this article opens a way for the light patterning of semiconducting oxides. It has been also shown the formation of hybrid organic/inorganic thin films by vacuum deposition of porphyrin molecules at mild temperature on the top of an openporous inorganic thin film. We foresee that this last result, readily compatible with other organic/inorganic combinations, will be of the outmost importance in the incorporation of this type of materials on photonic and optoelectronic devices, serving as alternative to the wet routes.
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